Background: Numerous studies have demonstrated that humeral retrotorsion is increased in the dominant arms of throwing athletes. No study has clearly defined the relationship between humeral retrotorsion and shoulder and elbow injury.
Injury to the throwing arm is one of the most common injuries in professional baseball. 13 In a recent study, shoulder injuries accounted for 30.7% and elbow injuries for 26.3% of all of the injuries that pitchers experienced. 13 While much work has been devoted to studying the cause of these injuries, no clear injury profile or prevention strategy has been demonstrated.
Alterations in shoulder range of motion (ROM) and humeral torsion (HT) are well documented in the throwing shoulder. These changes are thought to be related to workload and a mechanism of arm injury. However, Karakolis et al 5 found no cumulative work metric that significantly predicted future injury. Preseason ROM deficits and weakness of external rotation and supraspinatus strength were found to be associated with throwing-related injury resulting in time loss and surgical intervention, respectively, in professional baseball pitchers. 3, 20 Biomechanical differences, such as increased shoulder external rotation and elbow valgus torque, generated during throwing have been associated with an increased risk of upper extremity injury. 1, 7, 18 More recently, there has been interest in the role that bony anatomy may play in the development of shoulder and elbow injury. A recent study showed that glenoid retroversion was increased in the dominant shoulder of professional baseball pitchers. 17 Furthermore, it was found that pitchers with a history of superior labral anterior-posterior (SLAP) repair did not display the adaptive increase in glenoid retroversion compared with the nondominant shoulder. It was concluded that the development of increased glenoid retroversion might be a protective adaptive change in the throwing shoulder. Polster et al 12 looked at the relationship between HT and injury in the throwing athlete and found a strong relationship between lower degrees of dominant HT (greater retrotorsion) and more severe upper extremity injuries, as well as a trend relating lower side-to-side differences in torsion with more severe dominant upper extremity injuries.
With regard to the humerus, it is well established that, in the overhead athlete, the throwing shoulder presents with increased humeral retrotorsion as compared with the nonthrowing shoulder. 4, 11 This bony adaptation contributes to a shift in total arc of motion, with an increase in external rotation and a decrease in internal rotation. 4, 6, 8 Alterations in ROM have been associated with upper extremity injury in baseball athletes. Specifically, the development of a glenohumeral internal rotation deficit (GIRD) and deficits of shoulder total arc of motion have been associated with injury. 8, 20 Recent evidence suggests that greater side-to-side asymmetry in HT has been associated with increased prevalence of GIRD in pitchers. 10, 15 This suggests that understanding the influence of bony adaptation on injury risk should first be examined as a foundation for building an injury prevention model around modifiable risk factors such as GIRD. Recent contrasting evidence highlights a gap in the current understanding of arm injury risk. Polster et al 12 showed that an increasing humeral retrotorsion was associated with decreased severity of arm injury. The authors theorized that increasing HT allowed the arm to be in more external rotation ROM while requiring less humeral head external rotation, relieving stress from the shoulder. Myers et al 8 showed that increased retrotorsion was associated with history of ulnar collateral ligament (UCL) reconstruction. Thus, we hypothesized that the humeral retrotorsion of uninjured professional pitchers will be greater than the torsion of professional pitchers sustaining shoulder injuries but less than that of pitchers sustaining elbow injuries. The purpose of this study was, therefore, to measure HT in a group of professional pitchers, follow them prospectively for the development of shoulder and elbow injuries, and compare them to the uninjured pitchers.
METHODS

Study Population
Pitchers from the Colorado Rockies professional baseball organization were recruited for participation in this 5year prospective injury study (2009) (2010) (2011) (2012) (2013) . There were 183 pitchers who were measured for HT for a total of 255 pitcher-seasons; 72 pitchers were measured in 2 consecutive seasons to ensure measurement stability. Subjects were excluded from the study if (1) they were being treated for a shoulder or elbow injury at the beginning of the season or (2) they were unable to participate on the first day of practice because of any limitation or injury. The Greenville Health System Institutional Review Board approved the study. All athletes signed an informed consent before beginning the study.
Data Collection
Study Questionnaire. The subjects completed a questionnaire documenting participation history and hand dominance. Examiners were blinded to hand dominance throughout the study.
Humeral Retrotorsion. The same raters performed all measurements, and each pitcher was randomized for side of the body first tested. HT was assessed using indirect ultrasonographic techniques as described and validated by Myers et al. 9 The ultrasound assessment was validated against the gold-standard computed tomography (CT) in 24 mature baseball players, demonstrating a strong relationship between the CT and ultrasound HT data. Intra-and interrater (between session) reliability was acceptable for HT assessment; intraclass correlation coefficients (ICCs): (ICC (2,1) = 0.99; standard error of the mean [SEM] = 2.0°; ICC (2,k) = 0.92; SEM = 3.4°).
To measure HT, the subjects were positioned supine on a standard treatment table, and the shoulder was placed in 90°of abduction and the elbow flexed to 90°. A 5-MHz transducer (Sonosite Inc) was placed level (verified with a bubble level) on the participant's anterior shoulder and aligned perpendicular to the long axis of the humerus in the frontal plane ( Figure 1 ). The humerus was then rotated so that the bicipital groove could be visualized with the apexes of the greater and lesser tubercles parallel to the horizontal plane ( Figure 2 ). The digital inclinometer was then placed on the ulnar side of the forearm, pressing firmly against the ulna, and the forearm inclination angle was recorded with respect to the horizontal, thus representing the epicondylar axis and HT.
Injury. From the beginning of the preseason to the end of the postseason, overuse upper extremity injuries (shoulder or elbow) were tracked for each participating athlete. A baseball injury was defined as any injury that occurred during any baseball team-sponsored activity (from the beginning of preseason through the last postseason game) to any shoulder or elbow muscle, joint, tendon, ligament, bone, or nerve that was reported by the player to the coach or athletic trainer (AT). 14 All athletes who reported pain or injury to their coach were referred to the organization's AT for evaluation and classification of each injury. Only verified, time-loss upper extremity injuries were recorded and used in this study. UCL injuries were defined as those UCL injuries that resulted in UCL reconstruction.
Statistical Analysis
Descriptive statistics including means and SDs were used to characterize the sample. HT was the average of the 2 trials of HT measured. Intersession measures of HT were averaged. HT difference was calculated by subtracting the HT of the dominant arm from the HT of the nondominant arm. 16 Separate mixed-model analyses of variance (side 3 injury) were used to compare pitchers' dominant and nondominant HT between those with arm injury (shoulder and elbow), as well as shoulder, any elbow injury, and UCL injury, to those who did not miss games due to shoulder or elbow injury (a = .05). Pitchers who suffered shoulder or elbow injuries during the course of the study were excluded from the comparison by region of injury. For example, pitchers with shoulder injury were not included when comparing the no injury group to the elbow injury group. The Tukey post hoc analysis was used to examine significant interaction effects between injured and uninjured pitchers.
RESULTS
We observed 60 arm (30 shoulder; 30 elbow) injuries, and 195 pitchers did not suffer an injury during the course of the study. Seventeen players required UCL reconstruction (Table 1) , and 7 required shoulder surgery (SLAP repair/ debridement and rotator cuff debridement). There were no differences when HT was compared between all injured (shoulder and elbow injuries combined) and uninjured pitchers (P = .13).
There was a significant shoulder injury 3 side interaction effect (P = .04). The Tukey post hoc analysis revealed that pitchers who suffered a shoulder injury displayed 3.5°l ess dominant humeral retrotorsion compared with those pitchers without injury ( Table 2 ). There was also a significant elbow injury 3 side interaction effect (P = .04), with the Tukey post hoc analysis revealing that pitchers with any elbow injury displayed 5.2°greater nondominant humeral retrotorsion compared with those without injury. There was also a significant UCL injury 3 side interaction effect. Tukey post hoc analysis revealed that pitchers who suffered a UCL injury (n = 17) requiring reconstruction displayed 3.5°greater dominant humeral retrotorsion and 5.2°less nondominant humeral retrotorsion compared with those pitchers who did not suffer an injury (P = .05) ( Table 2 ). There were no other significant differences involving injury groups and those pitchers without injury (P . .05). 
DISCUSSION
The results of this study show a contrast in dominant humeral retrotorsion between pitchers who suffered shoulder and elbow injuries compared with those without injury. Our results demonstrate that pitchers who sustained shoulder injuries had less dominant humeral retrotorsion compared with those pitchers who were not injured. In contrast, pitchers who sustained time-loss elbow injuries displayed increased humeral retrotorsion compared with those without arm injury. It appears that the adaptive increase in humeral retrotorsion has a different effect regarding arm injury risk in professional pitchers. Our results show that increases in humeral retrotorsion are protective at the shoulder, while they increase injury risk at the elbow. This is the first study to show differing injury risk profiles for shoulder and elbow injury.
There have been different theories proposed as to how humeral retrotorsion relates to shoulder injury. Given that a thrower needs to attain a certain degree of shoulder external rotation to properly execute a throw, a player with greater humeral retrotorsion can achieve that arm position with less external rotation of the humeral head and tuberosities relative to the glenoid compared with a player with less humeral retrotorsion. 19 As a result, a thrower with less humeral retrotorsion may experience increased impingement between the rotator cuff and labrum and the posterosuperior glenoid. Polster et al 12 did attempt to measure the greater tuberosity to glenoid distance in throwers using 3-dimensional modeling and CT images. They did not show any relationship between this distance and HT; however, their study was limited by the small number of players studied.
The increased external rotation of the humeral head in players with low humeral retrotorsion also likely causes increased tensile forces on the soft tissue structures in the shoulder. Burkhart et al 2 proposed that increased external rotation in abduction causes significant twisting and shear forces on the long head of the biceps tendon, rotator cuff tendons, and posterosuperior labrum and increases the risk of injury to these structures. By this same mechanism, it is reasonable to assume that there is increased tension placed on the anterior capsule, thereby increasing the risk of injury to this structure or potentially increasing anterior shoulder laxity. In sum, there are numerous reasons to support our finding of an increased incidence of shoulder injury associated with decreased humeral retrotorsion.
With regard to the elbow, we had anecdotally observed that pitchers with increased humeral retrotorsion appeared to have a higher incidence of UCL injury. The UCL sees maximum strain in the throwing motion during late cocking and early acceleration. We theorize that increased humeral retrotorsion prolongs the late-cocking and early-acceleration phases and exposes the UCL to higher stresses and increased risk of injury. Our data support this premise, as pitchers with more humeral retrotorsion had an increased incidence of elbow injury.
Furthermore, we found that pitchers with less nondominant humeral retrotorsion had a higher risk of UCL injury. This implies that the increased humeral adaptation is also a significant risk factor. Although we are unable to definitively state why this increases their risk of UCL injury, in line with our thinking above, it may be that the increased humeral adaptation allows for a longer zone of acceleration relative to normal. As such, the UCL would be exposed to a longer period of valgus stress and potentially be more apt to suffer injury.
Combining our findings yields an interesting paradox and perhaps indicates there is a ''safe zone'' of humeral retrotorsion. On one hand, too little retrotorsion puts a pitcher at risk for shoulder injury. In contrast, too much humeral retrotorsion relative to normal appears to put a pitcher at risk for an elbow UCL injury (Figure 3 ). It may, therefore, be that there is a range of humeral retrotorsion that is protective for both shoulder and elbow injury. This also implies, however, that individuals with more inherited humeral retrotorsion may have an advantage with respect to injury. Pitchers with less genetic retrotorsion will either fail to develop enough retrotorsion and be at increased risk of shoulder injury or develop the retrotorsion necessary for effective throwing and be more susceptible to elbow UCL injury.
With respect to previous studies on this topic, Polster et al 12 studied 25 professional baseball pitchers. In this study, they obtained HT measurements with the use of CT scans and found that dominant HT was a statistically significant predictor of severe shoulder and elbow injuries (.30 days) but not of milder injuries. They found that less humeral retrotorsion was strongly correlated with a higher number of days missed with injury. Direct comparison with our study is not possible, as the Polster et al study included shoulder, elbow, and finger injuries together in their analysis and did not subdivide them for analysis. With respect to shoulder injuries only, our study did show an increase in shoulder injuries in pitchers with less humeral retrotorsion.
Pieper 11 studied HT in professional handball players. This study used plain radiographs to assess torsion in 51 professional athletes and found that those with chronic shoulder pain had significantly less retrotorsion than did uninjured control athletes. This is in agreement with our finding of less humeral retrotorsion being a statistically significant predictor of shoulder injury in pitchers.
Whiteley et al 19 measured HT in 35 high-level adolescent baseball players and followed them for arm injury for a period of 30 months. HT in the dominant arm was not found to be a risk factor. Instead, HT in the nondominant arm, as well as the average of HT in both arms, was predictive of injury. The finding of less humeral retrotorsion in the nondominant arm being associated with an increased risk of injury parallels our findings regarding elbow injury. Nonetheless, direct comparison of our studies is not possible as Whiteley et al did not differentiate between shoulder and elbow injury.
A strength of our study is certainly the large number of athletes studied in a prospective fashion. We also studied a very homogeneous population, with all being minor league professional pitchers of similar age. Regarding weaknesses, we followed these athletes for a relatively short period of time. Followed over the length of their careers, further injuries would likely occur.
In summary, we found significant relationships between HT and shoulder and elbow injury in professional baseball players. With respect to shoulder injury, we found that decreased dominant humeral retrotorsion was a significant predictor of injury. In contrast, for the elbow, we found that increased humeral retrotorsion in the dominant arm was predictive of elbow injury (including UCL injury), and decreased humeral retrotorsion in the nondominant arm was predictive of injury to the UCL that required reconstruction. Together, these findings imply that a certain degree of acquired retrotorsion in the dominant arm may be necessary to decrease the risk of injury. On the other hand, an athlete may have a genetically increased risk of UCL injury, as lower levels of retrotorsion in the nondominant arm almost certainly imply a lower natural level (ie, unaltered by repetitive throwing as a youth) of retrotorsion in the dominant arm as well. As such, it may well be that certain individuals should be counseled about the risks and responsibilities associated with pitching based on their individual torsion profile. On the basis of previous research, we recommend increased stretching in those individuals with greater HT. 10 Our results also raise the question of whether adolescents should be screened at some point to measure dominant and nondominant HT. 
